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We propose a low-scale renormalizable trinification theory that successfully explains the flavor
hierarchies and neutrino puzzle in the Standard Model (SM), as well as provides a dark matter candidate
and also contains the necessary means for efficient leptogenesis. The proposed theory is based on the
trinification SU(3)- x SU(3), x SU(3)g gauge symmetry, which is supplemented with an additional

flavor symmetry U(1)y X Z<21> X Zgz). In the proposed model the top quark and the exotic fermions acquire
tree-level masses, whereas the lighter SM charged fermions gain masses radiatively at one-loop level. In
addition, the light active neutrino masses arise from a combination of radiative and type-I seesaw

mechanisms, with the Dirac neutrino mass matrix generated at one-loop level.
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I. INTRODUCTION

Despite the huge success of Standard Model (SM) as a
theory of fundamental interactions, it has several open
issues, which include the lack of explanation of the SM
flavor structure, in particular, the fermion masses and
mixing, the origin of Dark Matter (DM), as well as the
source of parity violation in electroweak (EW) interactions.
Besides, the SM features drawbacks such as the absence of
sufficient CP violation and a strong departure from thermal
equilibrium, both necessary for explaining the cosmologi-
cal baryon asymmetry of the Universe. In this paper, we
would like to address all these issues on the same footing in
a single new framework, based on the trinification sym-
metry SU(3)c x SU(3), x SU(3)g (see, e.g., Refs. [1-17])

“antonio.carcamo@usm.cl
Tdthuong @iop.vast.ac.vn
1Fsergey.kovalenko @usm.cl
faapmorais @ua.pt
lBoman.Pasechnik @thep.lu.se
~ivan.schmidt@usm.cl

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2020/102(9)/095003(21)

095003-1

supplemented with an additional flavor symmetry, U(1)y x
Zgl) X Zgz), with the spontaneously broken U(1)y x Zél)

symmetry (we refer to this model as the 3331 framework in

what follows). We have included a preserved Zf) sym-

metry to implement the one-loop level radiative seesaw
mechanisms that generate the light active neutrino masses
as well as the masses for the SM charged fermions below
the top quark mass. The spontaneously broken Zél)
symmetry allows us to separate the scalar bitriplet that
gives tree-level masses for the top and exotic up-type
quarks from the one that produces the exotic down-type
quark masses.

Our 3331 model is the most economical theory of
trinification that can naturally explain the masses and
hierarchies for the SM fermions, since unlike the other
existing trinification-based models such as the one pre-
sented in Ref. [15], it does not rely on the inclusion of a
large variety of additional representations such as scalar
antisextets in order to generate the light active neutrino
masses in the SM. In our case, the actual mechanism for the
light neutrino mass generation is provided by a one-loop
level radiative seesaw. Moreover, our model is capable of
simultaneously explaining the hierarchy of charged SM
fermion masses, which is not considered in earlier works.
We also investigate the potential implications of this
scenario for DM and leptogenesis.

Published by the American Physical Society
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II. THE MODEL

Our model is based on the SU(3) x SU(3);, x SU(3)g x
U(1)x gauge symmetry which can be motivated by a high-
scale ultraviolet (UV) completion based on the embedding
of trinification as a subgroup of Eg [18-20], whereas an
additional flavor symmetry can be inspired by the coset
of the Eg — [SU(3)]* reduction [21-25]. Indeed, in the
framework of a superstring inspired Z, orbifolding pro-
cedure of Eg reduction [26], one of the possible Eg breaking
patterns features the following scheme

Eg = SU(3)c x SU(3)L x SUB)g x [U. (1)

where the rank-reduction [U(1)]?> = U(1)y can occur via a
Higgs mechanism. All the subsequent breaking steps may
in principle take place at any energy scale between
the Eg, or alternatively Eg, (Mgyt) and the EW (Mgw)
breaking scales. Here, we consider a particularly attractive

|

opportunity of the trinification breaking at a relatively low
scale compared to the Eg breaking one, Mgyt >> M; ~
100 TeV, i.e., not too far from the reach of future collider
measurements.

In fact, both supersymmetric and nonsupersymmetric
realizations of this model involving the Eq symmetry
would require a very high scale for both the Eq4 and the
trinification breaking scales, above 10!® GeV, due to
strong constraints on the Eg gauge mediated proton
decay. In order to relax this constraint, we explore a
nonsupersymmetric version of the model, without mani-
fest embedding of its particle content into representations
of E¢ or even Eg, such that the scale of the trinification
symmetry breaking can indeed be within the reach of
future colliders such as the 100 TeV proton-proton Future
Circular Collider (FCC).

Our model realizes the following particular symmetry
breaking scheme:

(k) (4)
2)V >y

G =SU(3)c x SU(3), x SUB)g x U(1)y x Z) x z"5

SU(3)e x SU(2), x SU2)g x U(1)p_y x ZP -5

SU(3)c x SU(2), x U(1)y x ZP -

SU(3)e x U(1)g x 2%,

where the different symmetry breaking scales fulfill the
following hierarchies:

VLW, L v)((k)~v§(4)~M3, k=1,2. (3)
Here, v = 246 GeV is the EW symmetry breaking scale.
We assume that the trinification breaking scales U)((k) and

v)(;‘) are of the order of 100 TeV, which would make our

model potentially testable at the future FCC 100 TeV
collider.

In our model the exotic particles carry the SM electric
charge which is defined in terms of the trinification
symmetry generators as follows:

Q =T;, + Tsg +P(Ts, + Tsg) + X = T3, + Tar
1

+5(B-1L) )

where f# and the baryon minus lepton number operator
B — L are defined as

B—L =2[p(Tg +Tsr)+X]. (5)

We have chosen such particular value of f in order to have
the third component of the leptonic triplet to be electrically

(2)

|

neutral, which allows for a consistent implementation of a
low-scale seesaw mechanism for light active neutrino
masses generation.

The scalar sector of our model is composed only of three
scalar bitriplets and one SU(3), scalar triplet that feature
the following patterns of the vacuum expectation values
(VEVs)

\/LE % 0 0 O
=0 0 0 {r)={00 0
0 0 % 00 %
0 0 O
Gy={00 0] G=(00 %) ©
0 00

where y5; does not acquire a VEV since it is charged under
the preserved Zgz) symmetry. The latter has been incorpo-
rated in order to implement the one-loop level radiative
seesaw mechanisms for producing the light active neutrino
masses, as well as the masses for the SM charged fermions
lighter than the top quark.

A justification of the chosen structure of the scalar sector

is as follows. The scalar bitriplet y, is needed to generate
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tree-level masses for the top and exotic up-type quarks,
whereas the scalar bitriplet y, is required to produce tree-
level masses for the exotic down-type quarks. We include
the spontaneously broken Zgw symmetry in order to
separate the scalar bitriplets y; and y, in the mass spectrum.
Furthermore, the inclusion of the scalar bitriplet y; is
needed for the implementation of the one-loop level
radiative seesaw mechanism that generates the masses
for the SM charged fermions below the top quark mass
scale. Note that the presence of potentially light pseudo-
Goldstone CP-odd state in the scalar spectrum of our model
offers a long-lived scalar candidate for warm DM, known in
the literature as the Majoron—an appealing feature of the
considered model further discussed below in Sec. VII. In
addition, the scalar bitriplet y5; is crucial to generate the
masses for the light active neutrinos. Besides, the scalar
triplet y,4 is necessary to generate the quark mixing angles
in the 13 and 23 planes.

It is worth mentioning that the lightest 125 GeV SM-like
Higgs boson is mainly composed of the CP-even neutral
component of (y),,. Moreover, our model can naturally
accommodate its alignment limit since all the other scalar
states are typically very heavy and thus are decoupled from
the SM in the mass spectrum, as detailed below in Sec. V.
This also implies the absence of tree-level flavor changing
neutral currents (FCNCs) for the SM-like Higgs boson
state, while such contributions from the heavier scalars are
strongly suppressed by their large mass scale.

The fermion sector of the model is motivated by the
conventional 331 model and is obtained by the left-right
(LR) symmetrization, which leads to the following multi-
plet structure:

d, U3
Qn(L.R) = | ~U ) O3, = | ds s
Ju /LR UJLr
I/(l
Lyrry=| €a , n=1.2, a=1,23.(7)
No/ Lr

The model predicts exotic leptons N,; x and quarks J,; g,
apart from the right-handed neutrinos v,g. The transformation

TABLE 1. Scalar assignments under SU(3). x SU(3), x
SUB3)g x U(1)y x Zgl) X Zg) symmetry.

properties of the scalar and fermionic fields under the
symmetries of the model are shown in Tables I and II. Note
that with the above fermion multiplet structure the model is
anomaly-free. The anomaly cancelation conditions are
analogous to that in the 331 models [4,27-34] and require
that both for SU(3); and SU(3)g the number of fermion
generations match the number of colors and the third quark
generation has different transformation properties under
SU(3)_ g than the first two generations.

With the previously specified particle content and sym-
metries, the Lagrangian for Yukawa interactions reads as:

2 2
—ngg) = ng) Q3.20103r + Z Zyszgn)QnL)(;QmR

n=1 m=1

2
+ Z)’%)QnLﬂ(ﬁQm + H.c., (8)

n=1
—Eg,l) — Z

3 3 2
(x}{)a/}L(lLXZL/}R + Z Z('x‘l’)(lnL(zL)(4anR

a=1 p=1 a=1 n=1
2 2
+ Z (m‘l’)nm‘PananR +H.c. (9)
n=1 m=1

If follows from (8) and (9) that the top and exotic up- and
down-type quarks get tree-level masses which are directly
proportional to v, v)(fl), and v)(f), respectively. The mixing
between the top and the exotic U quark is controlled by the
w, VEV. In addition, after the first step of the trinification
symmetry breaking, the exotic, vectorlike quarks remain
singlets under the LR SU(2); x SU(2)g symmetry group.
Furthermore, the SM charged fermions, which are signifi-
cantly lighter than the top quark, get one-loop masses via a
radiative seesaw mechanism mediated by heavy exotic
fermions and heavy scalars running in the internal lines of
the loop, as shown in Fig. 1. Notice, as shown in Fig. 1, that
the one-loop masses for the light SM charged fermions

. . . 1 2 o e
receive contributions from v)s) and v)(( ). However, it is

worth mentioning that the loop-generated masses for the
up, charm, down, and strange quarks and the SM charged

leptons are mainly fixed by U)((Z) VEYV, whereas the bottom

quark mass is mainly determined by v;(fl) VEV. This is due

TABLE II. Fermion assignments under SU(3)q x SU(3); x
SUB)g xU()yx x Z x 2% Here n =1, 2 and a = 1, 2, 3.

X1 X2 X3 X4
SU3)¢ 1 1 1 1
SU3),. 3 3 3 3
SUQ3)k 3 3 3 1
U(1)y 0 0 % —%
1 _ _ _
Z(2 ) 1 1 1 1
Zf) 1 1 -1 1

QnL Q3L QnR Q3R LaL LaR anR

SUB). 3 3 3 3 1 1 1
SU(3), 3 3 1 1 3 1 1
SUQB), 1 1 3 3 1 3 1
U(1)y 0 L 0 L .
zV 1 1 | IS T | -l
z? 1 -1 1 -1 1 1 1
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FIG. 1.
and a, B, 7.8 =1, 2, 3.

to the fact that the charged exotic fermions that induce such
one-loop masses are proportional to those VEVs. In

addition, the Cabbibo mixing is mainly fixed by vf(z), since
it is generated by the one-loop contribution mediated by the
exotic down-type quarks. Notice that the Cabbibo mixing
receives contributions from both up- and down-type quark
sectors, whereas the down-type quark sector helps to
generate the remaining mixing angles. The VEVs that
are crucial for generating the quark mixing angles in the
13 and 23 planes are both v;((2> and v;(f), as indicated in
Fig. 1. As seen from Fig. 1, where the one loop Feynman

k k
%(‘x) x’l}’(‘ )
\ /
\ /
\ /
N/
-------- Mo
(Xl )25 (Xl )32
— T _
d3r, Usk | Usp d3r
|
X
oM
4
W
|
I
|
I
......... e
(XE)]a .(X§>32
— - T —
dnr, Jrr 1 Js d3r
|
X
oo

One-loop Feynman diagrams contributing to the entries of the SM charged fermion mass matrices. Here, n, m, k, r, s = 1,2

diagrams have trinification VEVs in the external legs, it
follows that the dominant contribution for the masses of
such SM-like charged fermions is not due the electroweak
symmetry breaking (EWSB) mechanism but mostly due to
the trinification breaking. Despite of this issue, the inter-
actions of the 125 GeV SM like Higgs boson /& with SM
fermion-antifermion pairs, such as hbb, hce can be
effectively generated at one loop level via the quartic
scalar interaction insertions (yix1)* and (yix})(rox3)
where the EW scale VEV and the 125 GeV SM like
Higgs boson # are in the external legs, in addition to the
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FIG. 2. Some one-loop Feynman diagrams contributing to the /ff interactions. Here, n, m = 1, 2, h is the 125 GeV SM-like Higgs

boson and f a SM fermion lighter than the top quark.

trinification VEVs. Some of the one-loop Feynman dia-
grams contributing to the iff interactions are shown in
Fig. 2. Furthermore, despite of the fact that the dominant
contribution for the masses of the SM-like charged fer-
mions lighter than the top quark is mostly due to the
trinification breaking, the masses of such SM charged
fermions can be successfully reproduced by having appro-
piate values of the masses of non SM scalars and exotic
fermions running in the internal lines of the loops and of the
quartic scalar couplings and Yukawa couplings. For in-
stance, to successfully explain the GeV scale value of the
bottom quark and tau lepton masses, from Fig. 1, we have
that such masses can be estimated as:

2 2

y vy
M~ I~ X 10
b o162 Mg (10)

where My is the mass scale of the exotic fermions, y the
SM fermion-exotic fermion Yukawa coupling and A the
quartic scalar coupling. Taking v, ~ My ~ O(100) TeV
and y ~1~O(0.1), Eq. (10) takes the form my ~ m, ~
107, ~O(1) GeV, thus showing that our model natu-
rally explains the smallness of the bottom and tau masses
with respect to the EWSB scale. Furthermore, despite the
fact that the masses of the light SM charged fermions
(below the top quark mass) are generated at one-loop level,
the hierarchy between such masses can be accommodated
by having some deviation from the scenario of universality
of the Yukawa couplings in both quark and lepton sectors.
This would imply some moderate tuning among the
Yukawa couplings. However, such a situation is consid-
erably better compared to that of the SM, where a
significant Yukawa parameter tuning is required.

In addition, the Cabbibo mixing together with the quark
mixing in the 13 and 23 planes are generated at one-loop
level too. For this to happen, the Zgz) symmetry has to be
softly broken in the scalar sector, which is achieved by the
trilinear f534x,y3y4 interaction term in the scalar potential
(see Sec. V).

It is worth mentioning, as follows from Eqgs. (8) and (9),
that the Yukawa interactions and mass terms are given in

terms of the following parameters: ng), yﬁ%), yfg), (xl)a/,,

(x9) s (M), (n, m =1, 2). Assuming all these param-
eters to be real except two of them amounts for a total of 28
parameters, from which 8 correspond to the quark Yukawa
couplings, 16—to the lepton Yukawa couplings, and 4—to
exotic lepton mass parameters. Apart from these, there are 8
additional parameters useful to fit the SM fermion masses
and mixing angles, which correspond to the scalar boson
mass terms, m()(;)zs’ m()(§>32’ m@(;)m’ m(lz)m’ m()(;)n’ m()(l)zs’
M), and mg,,, for the scalars in the internal lines of the
Feynman diagrams in Fig. 1 and in the first diagram
in Fig. 3.

This gives a total of 36 input parameters. Of course, with
this parametric freedom one can easily accommodate the
experimental values for the 10 and 9 physical observables in
the quark and lepton sectors, respectively. In this respect it is
worth recalling again, that we do not pretend to predict the
values of these observables, but the existing hierarchy
between them. The assumption about real Yukawa cou-
plings, we made, corresponds to a particular benchmark
scenario of CP-conserving Yukawa sector we chose here to
simplify our discussion. Our model does not have a
particular symmetry that forces some or all Yukawa cou-
plings to be real hence enabling CP violation in our model
(while indeed some of the Yukawa couplings can always be
made real by phase redefinition of the fermionic fields). If
the Yukawa couplings were allowed to be complex, the
Yukawa sector would have a total of 60 parameters (not
accounting for phase redefinitions of the fields), significantly
increasing the parametric freedom compared to the consid-
ered CP-conserving benchmark scenario and hence not
affecting our current predictions on SM fermion masses
and mixings obtained here in this more constrained case.

The following comments about radiative stability of the
symmetry breaking scheme (2) and the corresponding VEV
pattern (3) are in order. We note that this pattern is not
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FIG. 3.

protected from large radiative corrections by some sym-
metry. Therefore, to stabilize it we need to apply certain
tuning of the model parameters. The corresponding con-
ditions of vacuum stability are derived from the Coleman-
Weinberg type 1-loop effective potential. This analysis is
beyond the scope of the present paper. However, since in
our model the VEV hierarchy (3) is rather moderate, not
exceeding three orders of magnitude, we expect that the
quadratic divergences—dangerous for a strong hierarchy—
can be tamed here by a moderate tuning of the model
parameters. At the same time, for the scales above v, in (3),
where this is not possible, we assume that our model is
embedded into a more fundamental setup with additional
symmetries protecting the hierarchy up to the Planck scale.
The well-known examples of such setups are supersym-
metry and warped five-dimensions.

(k) )
Uxy X
\ /
\ /
\ /
N/
........ Moo
(X 2 ) 1 3 (X2 ) 31
— T PR
VoL NW'R : S VBR
l
X
o
(2) Wy
LX><\ v
\ /
\ /
\ /
N/
--------- .
(xz )53 (XQ )1
- - T
Nar Ny ' Nsr VBR
l
X
o
o
X
|
|
|
|
I
I
v;l)**********:* ********* KWy
|
|
:(XZ) 31
|
|
1
Nar VBR

Feynman diagrams contributing to the entries of the neutrino mass matrix in Eq. (13). Here, n, m, k = 1,2 and @, 8,y = 1, 2, 3.

III. THE NEUTRINO SECTOR

From the neutrino Yukawa interactions (9), we obtain the
following mass terms:

PR -
LW — AT M A+ He., 11
2 v

where the neutrino basis and neutrino mass matrix (at one-
loop order) are given by, respectively,

Var
Var
A= aL |- (12)
Nar
Yok
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VoL Vor N N ¥
Ul M DarLVy, Mz, UpR 0 0 0
Varl - My M Mo, 0 ’
My=1 N, 0 MT;RN;, My, s, % (%) g \;42’) % )an | "
Nl 0 0 % (%) Ba 0 0
v 0 0 %(X‘P)nﬁ 0 (m9)

with some of the sub-matrices generated at one-loop level from the Feynman diagrams in Fig. 3. The submatrices appearing
in Eq. (13) are given by:

21 (X) g (X)) ga
an pn!"t,
Moy, = 32 ) 125 (1)
3 (x (x m
)( a X /)’ N, v
”'lL”/iR Z 7 - f(mNV’ml%ﬁ&z)13’m%m&2)13)’ mNY = ('x){)yé, (15)

r=1

) (1) (2)

kiU Uy Wy
M”ZRNZL o 2V2m? (50 )ap (16)
(r2)s
) (1), (2) 2
K{1 Uy Uy W
M— = ( 1122% Yx ;r) (x,) M= (x) (17)
VarVpR 2 Xlay™" N, N§, \"X/5p°
2v2amp,
()’ -
MNU,LN/}L T (X‘P>an(mll’ )nm(x‘l’)mﬂ’ (18)
2 2 2 2
mg mz my my
, Mp, = |——"In|— | —-————In[—||. 19
fompomgom) = [ (7)o () 1)
where a = 1, 2, 3 and n = 1, 2. In addition, the entries denoted by X and y are generated at tree- and one-loop levels,

respectively.

The light active neutrino masses arise from a combination of radiative and type-I seesaw mechanisms (with the Dirac
neutrino mass matrix generated at one-loop order). This mechanism in a more general setup has been recently proposed in
Ref. [35]. Thus, the mass matrix for the light neutrinos takes the form

M, = My, —AMS'AT, (20)

where the matrices M;r,. and A are generated at one-loop level whereas M receives tree-level and one-loop contributions.
The matrices A and M s are found as follows

T T %U/}R U(XRN;iL 0 0
UaLVpR r ) A ) 1](4)
0 VaRN/CiL MN“LN;L \/— (x)()a/} \/_ (x‘{’)am
- oM 21
0 i 0o U 0 0 (21)
\/5 <x;()/}a
0 :
0 Hlwy 0 (m),
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n __,.@

. . 2 ~ ~
Considering » < w, < M)~ Uy~ vy <K my, from

the previous relations it follows that the entries of the
light active neutrino mass matrix can be approximated as

~ (X‘P an x‘P)[J’nm‘V"
(Mv)a/} ~M DoV, = Z 16722

X (g Ry P, ) (22)

In order to get an approximate expression for the physical
sterile neutrino mass matrices, we assume w, ~ O(1) TeV,

my ~O(10%) TeV  and  consider v\ ~ 02 ~ oY ~
O(10%) TeV. Taking the Yukawa couplings of order unity,

we thus recover the following estimates:

Mgy, ~O(1) TeV, Mg, yo ~O(10) TeV.

¢
VarNj

In the limit when the remaining sterile neutrinos are very

heavy, i.e., when their mass matrices approach +x, v)((z) /2
and my, the lightest physical sterile neutrino mass matrix
can be approximated as M—

l/ RYSR"
Assuming  w, ~ 1}1 ~ O(10) TeV, v)(fl) ~ 0;4) ~
O(10°) TeV, my ~ O(10*) TeV, and xy ~ 10x, ~ 1, one

can roughly estimate

My, ~O(1) TeV, Mg, ~0(10) TeV,
X v)((z)
My, ~ O(100) TeV, NR O(1) TeV.

In this case, the lightest sterile neutrino is identified with

the right handed neutral lepton Nz and their mixing mass

@
. . . X, U
matrix is proportional to )1/’21 .

IV. IMPLICATIONS FOR QUARKS AND
CHARGED LEPTONS

Expanding the Lagrangian in Eq. (8) and considering, for
simplicity, that

yg,%) =y form=n (23)

and

Y =hn form#n, (24)
one obtains five massless quarks, corresponding to all
down-type quarks as well as the first and second generation

up-type ones. The top quark mass is readily generated at
tree level,

= L2y % (25)
t 73 v+ @)

The model also predicts three heavy vectorlike quarks with
the following masses

1 1
m%,l =53 (1} +w ) m%,z :Evﬁ(h—l—y)z,
1
my, = 5 vi(h—y)*. (26)

Since the top Yukawa coupling y; is large, V| will always
be of order 100 TeV and can only be probed at a future FCC
facility. However, if the couplings /# and y are somewhat
smaller, say of order 0.01, then both V, and V3 can be at a
TeV scale and hence at the reach of the LHC. In a third
scenario, if both # and y are of order one and not far off
each other, then only V5 can become light enough to be
probed at the LHC. Furthermore, as follows from Eq. (8),
the exotic quarks can decay into a SM quark and either a
neutral or a charged scalar and can be pair-produced at the
LHC via Drell-Yan and gluon fusion processes, mediated
by charged gauge bosons and gluons, respectively. A
detailed study of the collider phenomenology of the model
is beyond the scope of this paper and is left for future
dedicated explorations.

For the charged lepton sector we follow a similar
approach, namely, we expand the first term in Eq. (9)
and then set

(Xy)gp =x fora=p, (27)

(x)()a/} =k fora#p. (28)

The model also contains three heavy vectorlike leptons
with the following mass spectrum:

2

my = 2k + x)%, my, = my, = Evi(k—x)?

(29)

21(

Similarly to the quark sector, if both k and x are of order
0.01 or slightly smaller, then the model predicts three
generations of vectorlike leptons at the TeV scale or even
below. On the other hand, if such Yukawa couplings are of
order one, then only E, and E; can become sufficiently
light to be at the reach of the LHC measurements.

Note, the above assumptions on the parameters of the
Yukawa sector are made to keep the discussion as simple as
possible and correspond to a particular benchmark scenario
chosen for simplicity. We stress that our model predicts that
the SM charged leptons, neutrinos and quarks (except for
the top quark) are massless at tree level. This is a generic
feature of the considered model, independent of the
assumptions made about the parameters of the SM fermion
mass matrices.
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V. THE SCALAR SECTOR

We start our analysis of the scalar sector by considering the first breaking step in the chain (2). The scalar potential of the
low-scale trinification theory, which is invariant under the transformations specified in Table I, reads

l\)l'—

2
Vira) =5 Ky
a=1

ﬂ(xg(ﬂfs)rz()(z) +5 '“(14(14) (r3)'

+7 Zkab(xa )i () (xb)p%)"+ K% Gr3) ()" 02 o ()™

+7 ZKﬁ(){a )5 Cea) e )" (et +

Z K Gra)i e ) ()"

18 Gl e )+ R e ) e )

Z’%h ()(a )y (xa) ()(h) ()(b)ll ‘|‘ K33 ()(3);’[()(3) ()(3)#1’()(91/’/

b>a

—_

o (a0 () )" +

K )5 D)L )y )L+ K52 G p D)L Gl ()
2
ZZ o) 0! ) )

K Gra) i ) () ()™

+7 ZK ) O Ga)r () + K GG Gea) ()

+{e" l”€rr’/’ [fz()(z)z@fz)zr/()(z)w + f12001)] (Zl)z’ 052)1””] +He},

where [ and r denote SU(3); and SU(3); indices, respec-
tively, while a is a scalar flavor index. Fundamental and
anti-fundamental SU(3); x SU(3)y indices are written in
superscript and subscript, respectively. Note that the
potential V(y,), in the limit f, — 0, is invariant under
an accidental global U(1),.. phase rotation, which can be
defined as

(31)

—iqy,0,,/
Xip2 = €'y ,,

and where the global charges of the y; and y, fields can be
defined as g; = % and ¢, = —1, respectively. Therefore, in
the limit f, — 0, the vacuum of the theory, after the
breaking SU(3); x SU(3)g x U(1)x xU(1),.. = SU(2) x
SU(2)g xU(1)g_;, features 11 Goldstone bosons, where
one of them becomes physical since it corresponds to the
breaking of the global U(1),.. generator. In particular, such
a Goldstone boson, which we will denote as A in what
follows, is a CP-odd scalar resulting from a combination of
the imaginary parts of the (y;,)} components. Further-
more, while f, # 0 violates U(1),.., contractions with the
Levi-Civita symbols in both f> and f, terms imply that the
(;(1,2)3 components are still protected from acquiring mass.

(30)

|

On the another hand, as we already mentioned in Sec. II,
a complete description of quark mixing and, in particular,
small Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments in 13 and 23 planes requires a small cubic interaction
of the form f>34x,173x4 softly breaking Zgz). This symmetry
breaking effect is transmitted by radiative corrections to the
Yukawa sector. The Zg), being softly broken by this
trilinear term, still protects the smallness of the parameter
f234 and its effect in all the sectors of the model from large
radiative corrections.

Interestingly, by introducing a small explicit violation of

both Z(zl) and Zgz) with the following soft-breaking terms

V=12 TG+ Fosae™ (1)1 ) )+ Hec,

(32)
we are not only allowing for the generation of small entries

in the CKM matrix, but also softly breaking U(1),.. by
means of /‘%;()12 term. The latter promotes the CP-odd scalar

to a pseudo-Goldstone boson with mass

m,%x = _2ﬂé{)12 (33)
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typically referred to as Majoron. This can be understood
from a comparison with the conventional Majoron models
with type-I seesaw mechanism [36—44]. There, a complex
SM-singlet scalar couples directly to active Majorana
neutrinos. However, in our model, in place of a complex
singlet we have a bitriplet, y,, where the Majoron A,
belonging to the (y,)3 component, only couples to the
sterile neutrinos in the third entry of both L; . In turn, this
means that tree-level couplings to the EW gauge bosons are
always suppressed by a tiny mixing with active neutrinos
suppressing the loop-induced Majoron decays into pho-
tons, A — yy. This implies that a trinification Majoron can
become a light DM candidate if its mass is below a MeV

|

scale. This will further be discussed in Sec. VII. Note that
due to unbroken CP-symmetry in the scalar sector, this
particle only forms quadratic and quartic interactions in the
scalar potential of the low-energy effective theory. It is also
worth mentioning that (32) prevents the formation of
domain walls in the early Universe which would in
principle appear from the spontaneous breaking of Zgl).

For a cleaner analysis of the mass spectrum, we will
make a few simplifying assumptions on the theory param-
eters. First, inspired by the gauge quantum numbers, we
will consider that the couplings involving y; and y, are
identical, i.e.,

R e L
S =K =R SR =R = = ) = R = R = K
K(fi’ =i} =kP =kl fi=fo=r. (34)
Note that such conditions, together with the transformation properties in Table I, imply that
1),((]) 11)((2) =v,. (35)
Solving the tadpole equations with respect to the v, and 11;54) VEVs we get
1 4)2 4)2
1 =~ S K 26+ o ) = ). (36)

Before proceeding, and in order to understand how the
gauge structure and scalar mixing splits the trinification
scalar representations, let us first note that we can decom-
pose the y, in a total of three SU(2)g x SU(2), bidoublets,
three SU(2)g doublets, denoted as R-doublets in what
follows, four SU(2); doublets, which we will call
L-doublets, as well as eight singlets corresponding to the
(x123)3 and (y4); components. Provided that the Gold-
stone bosons correspond to one L-doublet, one R-doublet
as well as two real singlets, the physical fields can be
decomposed in three bidoublet blocks, two R-doublet and
three L-doublet blocks, and six singlets. Now, one should
note that in the vacuum of the theory, the f,3; cubic
coupling splits two of the bidoublets into four L-doublets,
while the single bidoublet left in the scalar spectrum results
from the fact that there are no VEVs in y;. For the same
reason, out of the six singlets, four are real and two form a
complex one charged under U(1)5_;. In summary, we can

=160 TeV,

Uipin = —(2.3442 TeV)?,

Y — 150 TeV.,
f=0.1TeV,

[
list the physical scalars after the breaking of the trinification
symmetry as

(1) 1 bidoublet X,

(ii) 7 L-doublets L, 7,

(iii) 2 R-doublets R 5,

(iv) 1 complex singlet o,

(v) 3 real CP-even singlets ¢ ;3,

(vi) 1 Majoron A.

A. A minimal light scalar sector

To visualize the model’s behavior at low-energy scales it
is instructive to look at a numerical example. Here, we will
use our freedom to set numerical values that: (1) enable us
to sufficiently split the mass spectrum in order to obtain a
minimal viable low-energy effective theory, and (2) ensure
that such a scenario is simple enough to clearly highlight
the most important features of the model under consid-
eration. First, we set the following scales

Kz = 150 TeV,

f234 = 0.01 TeV. (37)
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For the quartic couplings, in addition to the simplifying
assumptions in Eq. (34), we have also considered that
quartic interactions involving one single scalar flavor
provide the leading contributions and are of order O(1),
while the remaining ones are below ((0.1). Such a
|

K =11,

K% =8.0x 1072,

K =095, KW =-20x103,

K = —4.0x 1072,

behavior can typically be explained with flavor symmetries
engineered to forbid tree-level couplings between different
representations of a UV complete theory. For our bench-
mark example, we choose for the quartics the following
sizes:

K?Q =—-6.5x 1073,
k) =49 %1072, (38)

If we now choose a criterion to denote /ight states whenever their mass is below the 10 TeV threshold, the input values in
Eqgs. (37) and (38) result in a light L-doublet, a light R-doublet, and a Majoron with masses

le

~mg, ~9.7TeV and my =33 TeV, (39)

respectively. We also obtain five next-to-light L-doublets, i.e., with masses between 10 and 20 TeV, whose values read

my, %142 TeV,  my, ~14.4 TeV,

my, &~ 14.6 TeV,

my ~ 162 TeV, and m;, ~19.2 TeV. (40)

Finally, in a third category, we group those states that we denote as heavy whose masses read

my, ~ 111 TeV,
mg, ~ 103 TeV,

mg, = 112 TeV,
m,, ~ 118 TeV,

Inspired by the numerical example above, we consider a
minimal scenario for the SU(2); x SU(2)g x U(1)p_.
theory, typically referred to as the LR symmetric theory,
where the scalar content can be reduced to L;, R, and A.

Note that other parameter choices may provide a low-
energy limit with a richer SU(2); L-doublet content. In
what follows, we recast our L- and R-doublets as L and R
respectively. The most generic renormalizable scalar poten-
tial can be written as

Vir = #iL'L + ugR'R + p3 A> + 2, [LTLJ?
+ AR|R'R|? + 2,A* + 2 g (L'L)(R'R)
+ AaLA%(L'L) + 24rA?(R'R). (42)

It follows from Eq. (6) that both the LR and the EW
symmetries can be broken by the vacuum assignment

where the solutions of the tadpole equations are given by

1 1
po= —1(27)2% + wyR). MR = —5(20);2/»11 + %R ).

(44)

mys ~ 109 TeV,
m,, ~ 119 TeV.

my =~ 117 TeV,
(41)

|
The two neutral CP-even scalar masses read

m3; , = v + 0*lg

= R+ 0B~ i) + 0l (45)

where / is the SM-like Higgs boson state, while the CP-
odd scalar mass receives extra contributions through the
portal couplings A, and A, acquiring the form

mz = 2(v* a1 + 03AaR + HR)- (46)

Once again, let us provide a numerical estimate, taking a
purely classical field theory approach in the sense that the
values of the LR theory quartic couplings are directly
extracted from the trinification scalar potential at tree level.
Note that both tree-level and one-loop matching, as well as
the renormalization group evolution (RGE) effects, are
beyond the scope of this study and will be considered in a
future work.

We first consider that the w, VEV is developed at the
same scale as ur. Thus we fix it to

w, =9 TeV while v =246 GeV. (47)

The quartic couplings of the LR theory, at our level of

accuracy, depend solely on the K'EZ), K,I(Z), and K%), as well as

on the scalar mixing angles of the trinification theory.
Using Eq. (38) we get
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A ~0.164,
/ILR ~ 0137,

g ~0.135,
ﬂAL ~ ﬁAR ~ 0.068. (48)

Taking u3 :Mé{)IZ in this example, the scalar masses
become

my, ~ 125 GeV, my ~4.7 TeV, mp ~ 184 GeV,

(49)

suggesting that our model is compatible with the Higgs
sector of the SM, and offers a new heavy CP-even scalar as
well as a Majoron state.

Note that different choices for the size of the Zgl) and

U(1),.. soft breaking parameter '“(2;()12 yield distinct

Majoron masses. We show in Fig. 4 the allowed values
of m, as a function of the size of the soft-breaking
parameter u,, while keeping all other parameters fixed
as in the example above.

Note that the numerical example that we have outlined
above is simply indicative of the key properties of the
model, and a full phenomenological analysis is left for a
future work. Let us also mention that, in addition to the SM-
like gauge bosons, the model also contains new W’ and Z’
gauge bosons. Their masses can be either at the @, scale, if
the corresponding gauge couplings are of order unity, or at
the TeV scale if such gauge couplings are of order 0.1.
Therefore, the gauge sector of our model also offers
interesting prospects for the LHC Run-III, which is
scheduled to start in 2021.

While a detailed analysis of the FCNC constraints goes
beyond the scope of the current work, we can make a
generic statement about nonexistence of the tree-level
FCNC:s in our model based upon the Glashow-Weinberg-
Paschos theorem [45,46]. This theorem states that there will
be no tree-level FCNC processes coming from the scalar
sector if all right-handed fermions of a given electric charge
couple to only one of the L-doublets. As was demonstrated
above the minimal low-energy LR SU(2); x SU(2)g x
U(1)g_; symmetric scenario in the considered trinification

acc

| 13 | [TeV]

FIG. 4. The Majoron mass as a function of the size of the
accidental U(1),.. soft-breaking term.

acc

model features the scalar sector composed of one SU(2),.
doublet, one SU(2); doublet and one pseudo-Goldstone
state. As follows from Egs. (8) and (9), the condition of the
Glashow-Weinberg-Paschos theorem is automatically sat-
isfied in this case. Possible FCNC contributions would
emerge at loop level only rendering the model safe with
respect to the corresponding phenomenological constraints.

VI. GAUGE COUPLING UNIFICATION

In this section, we study the RGE to determine if the
couplings of the SU(3)., SU(3)., SU(3)g, and U(1)y
gauge groups unify at some high scale M. In our analysis,
we take into account the intermediate scale (denoted as M,)
in Eq. (2), so that in the energy ranges y < M,, M, < pu <
M;, M3 < u < My the theory is described by the gauge
groups  SU(3)cxSU(2). xU(1)y, SU(3)c x SU(2), x
SU(2)g xU(1)g_; and SU(3)c x SU(3), x SU(3)g x
U(1)y, respectively. Here, M, and M3 are the scales where
the gauge groups SU(3)c x SU(2). x SU(2)g x U(1)p_1.
and SU(3)c x SU(3). x SU(3)g x U(1)x are spontane-
ously broken, respectively. Besides that, in the energy
range M, < u < M;, for the RGE analysis we consider
that the relevant scalar content is the one corresponding to
the next-to-minimal light scalar sector discussed in the
previous section.

The starting point of our RGE analysis is the one-loop
RG equation for a given structure constant a; = g7/(27)
(with g; being the respective gauge coupling) which is
given by:

dai) _ ") <ﬁ) . (50)

dt 2z Ho

It provides the running of the inverse structure constants at
one-loop level as follows:

) =) = m (). sy

Ho

The effective one-loop f-function coefficients, taking into
account the thresholds from particles with masses m;, are
given by

B () = D0 = my)b]. (52)
f

The contribution of each particle b{ is calculated according
to

11 2 1
b; = —§Ti(RG) +§Ti(RF) +§Ti(RS)v (53)
where T(R;) are the Dynkin indices of the representations
R; to which the gauge bosons / = G, fermions F, and
scalars S, respectively, belong. They are defined as
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T(R)S,,, = Tr(T,,(R)T,(R)), with T,,(R) being the gen-
erators in the representation R. For the lowest-dimension
representations of SU(N), they are T = 1/2, T4, = N, for
fundamental and adjoint representations, respectively.
Considering that the electric charge in our 3331 model is
defined according to (4) and (5), where the SU(3);

generators have the normalization Tr(Tl(.L’R) TE.L’R)) 15, i»

we can define normalized operators (B — L)y, Xy, and Yy
satisfying the relations:

(B=L)=ng_(B=L)y. X=nxXy, Y=nyYy.

(54)

The normalization factors ng_;, ny, and ny fulfill the
relations:

1
4 n%—L =

4

3

4
ny_, = 3 +4n%, ny =1+ +n%.  (55)
Here we have taken into account that in the low-energy LR
symmetric theory the hypercharge operator is defined as

follows:
1

The normalized couplings are related by the following
matching conditions:

(5+ )@y r))

—asb0e) + (5 7% ) @ (e 68)

From the embedding of SU(2),  into SU(3), z we have
the following additional matching condition:

aS(L.R)(MS) = X(LR) (M3)~ (59)
Furthermore, we have the following relations:
N 2 N ! 2
ay = nyay, ay_, =4 ERECLImE (60)
N 2 L, 4.9
ay =nyay = |1 + N |ar = §—|— ny |ay. (61)
In addition, we require the following condition:
arg(My) = kas (M), (62)

where « is an O(1) parameter.

<% + n%) (afy_; (M3))~! Using the rela.tions and considerations described above,
we find that the inverse structure constants of the SU(3),
= 365 (043) + a5} M3)) + (@), (57)  SUGh SUG) and Ul gauge groups evaluated at he
|

SM 3221 3331

a3t (n) = a3t (My) — —bé;::))c In <AA/%) - _b(s;:))c In <%> - _b(s;:)i; In <ML3> , (63)
1 _ b(SfJAEIZ)) M, %221 M, U
5100 = st () =5 (12 ) - L g (M) Pt (), (64)
su, (M M\ b
k) = a5} (47) = =5in (72) =5 (T2 - 250 (1), (65)
1 -1 Uy, (Ma | é%AQ)L M,
o () = a5 (47) =500 (32 ) =zl 1) + =52
3221
(31 2+ e 0) - i (5]
_bua <i> (66)
2w M3
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where
(331) 16
bsuay. =3 bsue), =%
(221) T
bSU(3)C =7, bsue), = 3
(sM) sy 19
bsuge =7 bsup), =g

Requiring that the couplings of the SU(3)s, SU(3),,
SU(3)g, and U(1)y gauge groups unify at some high scale
My, implies the following condition:

a3 (My) = o (My) = a3, (My) = (af (My))~'. (68)

Let us then numerically examine the gauge coupling’s
evolution in our model and verify whether the above
unification condition is achievable. First, we consider a
scenario where beyond the scale M3 ~ O(100 TeV) there
are no additional fields on top of those studied in this paper
and given in Tables I and II. The low-scale boundary
conditions are set as

a;cl(MZ) = 8.47,
o) (Mz) = o~ sin 6, (My),
ay' (My) = a~ ' cos 63,(M), (69)

with a(M,) = 1/128 being the fine structure constant
evaluated at the Z-boson mass scale and sin6%,(M,) =
0.232 the weak mixing angle at the same scale [47]. We
have performed a scan randomly sampling the U(1)y gauge
coupling at the GUT scale as well as the M, and M5 scales
as indicated in the first three columns of Table III, con-
sistently with our discussion. Using Egs. (62) and (63) to
(66) we obtain the high scale values of the inverse structure
constants a5L(My), a3} (My) and a3 (M), as well as the
value of M, with the restriction given in the last column
of Tab. IIl. Note that the only allowed solution of
equation (62) is k = 1. The scale at which the values of
the gauge couplings become closest (or unify) defines M/;.
Considering for simplicity that the charge normalization
factors are n% =n% , = n3% =1, we have verified that
while a3} (My) and a3i(My) can be unified with a

precision of 2.5% at My ~ 10" GeV, a3t (My) is, at best,

TABLEIII.  Scanning ranges for the numerical evaluation of the
RG equations. In the last column Mp; = 1.2 x 10'° GeV denotes
the Planck scale.

ay' (My)
1-80

M 2 [TGV}
10-30

M;[TeV] M,
100-200 M — My,

11 28
bsui = =5 bua =35
19 16
bsuer ==¢-  bump. =7
41
Uy = 10 (67)

|
37% away from universality and the condition (68) cannot
be satisfactorily met. This scenario is shown on the top
panel of Fig. 5 where the orange dot represents the mean
value of the four gauge couplings. Note that one could
argue that deviations from universality can emerge from
quantum gravitational effects [48] or from heavy Kaluza-
Klein modes when embedding the theory in higher
dimensions [49,50]. However, in the current analysis
we will favor minimal solutions that can address this
issue. Therefore, we will study whether an anomaly-free
extension of the current framework with n-generations of
neutral vectorlike fermion SU(3); x SU(3)p bitriplets
above M; can change the picture. We have then extended
our scan in Table III allowing the possibility of 1 to 6
generations of such heavy bitriplets. The RGE coeffi-
cients of the SU(3); and SU(3); gauge couplings are
modified according to

16
bSUB)L.R = — ? + 21’1 (70)

Interestingly enough we have found only two viable
scenarios. The first is for n =3 where, up to small
fluctuations, the unification scale is M ~ 10'3 GeV and
where the unification condition (68) is reproduced within
2.5% for ap'(My)=~31. This class of solutions is
represented in the bottom-left panel of Fig. 5 with the
orange dot denoting the (M, ay;') pair. The second type
of solutions, which we represent in the bottom-right
panel of Fig. 5, feature only two generations of fermion
bitriplets, n = 2, and the unification of gauge couplings
takes place at 10'7 <M, <108 GeV with aj! (My) ~
40 and with the charge normalization factors ny = 5/8,
ny_, =23/6, and n} = 47/24.

With these results we have shown that a successful
merging of the gauge couplings at the GUT scale needs
an extension of the particle content considered in this
work with either two or three generations of vectorlike
fermion bitriplets. The impact of such extra states for
lepton masses, in particular for the neutrino sector, is
beyond the scope of the current article and is left for a
future work.
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FIG. 5. Running of the gauge couplings for three benchmark scenarios. On the top panel we show the result obtained for the model

discussed in this manuscript while on the bottom panels we consider the inclusion of two (right) and three (left) vectorlike SU(3), x
SU(3)g fermion bitriplets. The orange dots represent the average value of a3 (M), azp(My), a5t (M) and ax' (M) and are merely
indicative of the optimal unification point. While on the top and bottom-left panels the charge normalization factors read

2

n% = n%_;, = n3 = 1, on the bottom-right panel they are given by n¥ = 5/8, n3_, = 23/6 and n3 = 47/24 as indicated in the legend.

VII. DARK MATTER

The Zé” symmetry is exact and remains unbroken by
any of the VEVs in (6). Therefore, the lightest neutral

)

particle which carries an odd-Z,” number can be a can-

didate for DM. The particles carrying the Zgz)-odd charge

are the components of the scalar bitriplets y5 and the third
quark generation, while only the neutral components of y3
noted as y3%, y3', ¥3°, x3* can potentially contain a DM
candidate.

However, each component of the y5 bitriplet couples to a
pair of quarks via Yukawa interactions, given in Eq. (8).
Namely, the y12, 3! couple to a pair of light SM quarks
whereas the other neutral components of y5 bitriplet couple
to a pair of quarks including a light SM quark and an exotic
heavy (vectorlike) quark. In fact, both y1?, 3! decay into a
pair of light quarks and thus cannot serve as DM candidates.

In order to ensure stability of the remaining neutral
components of y; bitriplet, one should assume that their
masses are below the mass of the exotic quarks in order to
prohibit their fast tree-level decays. Then, the lightest state

among x3°, y3* can in principle be considered as a cold DM
candidate. Indeed, its properties would then be similar to
those of the scalar DM candidate discussed previously in
Refs. [51-58].

However, in order to get small quark-mixing angles in
the 13 and 23 planes at one-loop level one should break

softly the Z;z) symmetry in the scalar sector by introducing
the trilinear f534y,x3x4 interaction term. The latter inter-
action makes it difficult to prevent the heavy scalar
components of y; bitriplet from decaying and hence to
stabilize the heavy DM candidate without a significant fine-
tuning of the model parameters.

As mentioned in Sec. V, our model also predicts a CP-
odd pseudo-Goldstone Majoron whose mass can vary
greatly as shown in Fig. 4. Interestingly, such a state can
play a role of light DM candidate under certain conditions
in full analogy to the existing Majoron DM scenarios
[36,37,59-65].

Indeed, starting from Yukawa interactions Lagrangian,
the couplings of the Majoron to the right-handed neutrinos
read
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3
—£Y >

a=1

3
Z aﬁL(ILXZLﬂR + H.c. ) ll/Lx <%
p=1

M-1 -\ 2
> vRA + He.. (71)
S

In the seesaw regime, the Majoron can decay into the light neutrinos with partial widths proportional to mj?,

I'A - w)

It is straightforward to notice that a light Majoron can easily
be long-lived enough to be a DM candidate for typical
seesaw scales, assuming that A — vv is the main Majoron
decay channel.

Just as in the singlet Majoron model [66,67], the
Majoron couples also to the charged fermions, g, through
the EW one-loop diagrams, due to the mixing between
the new neutral fermions, N,, and the active neutrinos v,.
The coupling to quarks is induced by a one-loop A — Z°
mixing with neutrinos being inside the loop, and the
coupling to the charged leptons is obtained by an analogue
7Y exchange diagram and additional W exchange graphs,
see Refs. [40,66]. Due to a small coupling of the Majoron to
neutrinos, which is suppressed by (M,;ryi /M)?, these

diagrams give a rather small contribution to the coupling
strength g4, [66]. However, the Majoron couples to the
exotic quarks and neutral fermions N, that interact with
new heavy gauge bosons, Z’L’R,ZR,X%‘OR*, Y ¢ The addi-
tional diagrams of the Majoron coupling to the fermions are
predicted such as the A — Z , A — Zp mixing graphs with
N, in the loop and the graphs that are mediated by the
exotic quarks and the Y+ gauge boson are suppressed by a
factor my, /My, . If the new physics scale is of the order of

100 TeV, then the contribution to the effective coupling of
the Majoron to the charged leptons is not small enough to
ensure that the Majoron’s lifetime is larger than the age of
the Universe. Therefore, to prevent the Majoron decays into
charged fermions, we need to impose an upper limit on the
Majoron mass my < 2m, ~ 1 MeV yielding a tantalizing
possibility for warm DM in our model.

The Majoron would only be considered as a successful
DM candidate if its relic density is consistent with
cosmological observations [68]. In this sense, the coupling
of the Majoron to the SM Higgs plays an important role in
order to determine the DM relic density [40,69,70]. In the
considered model, the Majoron has a quartic coupling with
the SM Higgs boson,

A
Vir D MRrAZLTL D A gvA%h + %A%Z. (73)

Thus, the light Majoron can be produced by the SM Higgs
decay, h — AA. The corresponding decay rate is given
by [71]

ST 1022 I MeV

10° GeV 4
) () =] o
T(h — AA) = lé pr ”1 1—4;”1—% (74)

There are two production mechanisms for DM known as
the freeze-out and freeze-in mechanisms. The Majoron
cannot be produced by the freeze-out mechanism due to
strong constraints from the direct detection measurements
and the LHC bounds on the invisible decay of the SM
Higgs [40,70,72], while the freeze-in mechanism can
efficiently produce the correct DM density. For such a
scenario, the Majoron relic density is determined by

1.09 x 1027 m,T(h — AA)
e m;, ’

where ¢ and ¢/ are the numbers of degrees of freedom
contributing to the entropy and energy densities when the
Majoron decouples. To obtain the corrected relic density
given by Ref. [68], we can derive the constraint from
Eq. (75) as follows

QAhz ~2

(75)

1 MeV
A2 x 10710, =28 S op
nmy

107°. (76)

Note that with a quartic interaction of the Majoron with a
SM-like Higgs doublet the possibility for collider searches
of DM in the invisible Higgs decay channel is opened. In
this case, the DM signature can emerge as missing energy
in the production processes at the LHC. Another possibility
is via indirect DM detection channels through the relic
Majoron scattering off nucleons via ¢-channel exchange of
the SM Higgs boson. For more detail, see Refs. [69,71].

On the other hand, the Majoron couples to two gauge
bosons via two-loop diagrams. A detailed analysis of these
two-loop contributions has not been performed in this
work. However, based upon the results given in Ref. [40]
and the new contributions to the effective one-loop cou-
plings specific to the considered model, we estimate the
coupling of the Majoron to photons to be very small. This
implies that the estimated decay rate A — yy is more
suppressed than the corresponding decay into a neutrino
pair, A — vv. We conclude that effective Majoron-photon
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coupling is consistent with astrophysical limits [73] in the
considered case of light Majoron, m, < 1 MeV.

VIII. LEPTOGENESIS

In our model, both left-handed and right-handed neu-
trinos carry one unit of B — L charge and acquire Majorana
masses via a radiative correction after the spontaneous
U(1)g_; breaking. It constitutes a source for lepton
asymmetries, which must be produced entirely during or
after the B — L symmetry breaking stage. Therefore, the
lepton asymmetry can realize due to CP-violating decays
of the sterile neutrinos. The relevant Yukawa interactions
are given by

—Ly> ZZ aﬁ (IL)(ZLﬁR ) ( )a/ieaLUﬁR(XZ)
a

+ (‘x)()aﬂvaLNﬂRO(Z)B + H.C., (77)

The neutral scalar state, (y,),3, carries one unit of lepton
number, while the neutral leptons, Nz, do not have a
lepton number and the left- and right-handed neutrinos,
VgL r» acquire Majorana mass. Thus, the interactions given
in Eq. (77) are indeed lepton number violating.

The lepton asymmetry can then be created in two
possible ways. One way is via decays of the right-handed
Majorana neutrinos as:

Var = 617L()(2+)12» (78)
and another way is via the decay of sterile neutrino N ,z:
Nar = Vpr(X2)13- (79)

The right-handed neutrinos couple to the heavy right-
handed charged gauge boson W5 giving rise to stringent
constraints on the Wy mass from the out of equilibrium
dynamics of the right-handed neutrino and washing out of
the lepton asymmetry [74-76]. Particularly, the scattering
process ex Wi — vp(H*E) — ef W} will be in equilib-
rium until some temperature close to the EW phase
transition and continue to washout the asymmetry if W5
with mass in the TeV range [76]. Thus, the successful high-
scale leptogeneis, which is associated with the decay of
right-handed neutrinos, requires the mass of W3 to be large
[74,76]. In other words, if the new physics scale of the
model is in the range of a few hundred TeV or somewhat
larger, the lepton flavor violating decays of right-handed
neutrinos do not contribute to the amount of baryon
asymmetry in the universe.

Noting that the remaining sterile neutrino, N .z, couples
to new gauge bosons as follows

£ee 5 =i IR (NCYH e + NogX 0'v,e) + Hec.

\/E Hr
(80)

Depending on the mass hierarchy between N and Y-, the
first term in Eq. (80) provides the scattering processes
eger > Nyg = YiYEs or efYs > Ny — epYi. If
my, > my=, the first scattering is allowed and it goes
out-of-equilibrium if my, > 10" GeV. In the case
my, < my=, leptogenesis occurs either at 7> my,_ or at
T = my,, and the condition for second scattering process
going out-of-equilibrium reads:

my
>3 % 108 Ve
e = <102 GeV

2
>" GeV. (81)
The second term in Eq. (80) is responsible for X% + X% —
Vg + vg scattering, but it is less important since the right-
handed neutrino is a heavy particle. Noting that the new
gauge bosons X%, Y= carry one unit of lepton number, the
interactions given in Eq. (80) are lepton number conserv-
ing. The above gauge boson scattering processes are not
efficient in washing out the lepton asymmetry. Therefore,
if we assume that my, < my:, leptogenesis occurs at
temperature satisfying either T = my, or T > my,, when
my =~ O(1) TeV, such that one obtains a lower bound
my, > 10* TeV. It means that in order to achieve success-
ful leptogenesis, the SU(3 )y breaking scale must be greater
than 10* TeV.

Let us consider now an amount of the baryon asymmetry
produced from decays of sterile neutrino N,z with an
assumption my, < my-. We assume a normal mass hier-
archy for the heavy right-handed sterile neutrinos, thus
implying that the final lepton asymmetry is given only by
the CP-violating decay of the lightest one, (N ). The CP-
asymmetry €¢; comes from a superposition of tree-level
contribution, self-energy correction, and the one-loop
radiative corrections via diagrams involving the heavier
Majorana neutrinos N, N3i. Thus, it can be written as
follows

e =———— S0t leE),  (82)

T
16”()@(}%)11 J#1
where &;; = my, /my, ., and

R I+e¢
o6 = V|10 rami T s)

We would like to note that

ZJ )C)(.X 1] \/5T Z%[(X;)al(x;)ﬁlMDuLU/;R]

J#k Mok “ap

(84)

with an assumption that
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m

12
k = 167> > 5
mNZf(mNZ’ mRe()(z)ls ’ mlm(ﬂfz)ls)

2
=16 2 My, ’ m"jR
= flmy., m3 m? YR w2

N; N3» T Re(r) 15" " Im(r2) 5 VIR

(85)

Let us now consider the Dirac term of the neutrino mass
matrix

)

. vy
My, = x,Myx]. My = Dlag(hgl,hﬁz,hf,})ﬁ,
1
M, = Toa2 S 0 Mgy o Mg, (86)

We also assume that all complex scalars acquire complex

VEVs, namely, vff) . Thus, we ﬁnd the diagonal-

izing matrices U = OL Uphm, Ur = OxUR phase Satisfying

*ve

= Diag(m_,mL.m}).

UiM;,, Ug=D,, = (87)

VLVR

= ¢~ and other couplings
can be taken real and is

— JJ/R
phase Uphase

to be real, the matrix Dm»m

If we choose UL

written as

, ) v
=0, <)c)(D1ag(h§1 , hﬁz, hﬁ}) 7%)6;) 0] (88)

Mipug

On the other hand, we assume that O 0'12 = Diag(1,1,1),

which implies that the CP-asymmetry €; can be
rewritten as
€ =~ K Zi[(x;OL)limz?,(O;x;()il] (5,1) et
16zMp, Zi(x;OL)li(O};x;()il £l it
(89)

Therefore, the upper bound on the CP-asymmetry is
given by
b 5}1

max .,

! _167rmD]R -

The lepton asymmetry is related to the observed baryon
asymmetry of the universe, given in terms of the baryon
number 7, to entropy s ratio as follows

b _ 138 x 1073,
S

o1

Here, the efficiency factor # measures the number density
of the right-handed neutrinos with respect to the equilib-
rium value, the out-of-equilibrium condition at the decay,
as well as the thermal corrections to the asymmetry. This
factor depends on the effective mass,

D, DI
ﬁl _ ULvR DR (92)
my,

2 2
f(va”’ReXLg*m[m)(B)

sof . .
"Ny
my g 100

40t

"Ny 1

m

T VIR\ |
MmNy 1

my| p 10

—_—

2 2
f(’”N”"Rema’mImX]a)

1x10M

8x10!3 1x104

0 2x10'3 4x1013 6x1013 8x 1013 2x 1013 4x1013 6x1013
myRr(eV) myr(eV)
FIG. 6 The Value of function f(m Ny R elra)yye m(}( ) ) versus the lightest right-handed neutrino mass, my,,» for dlfferent values of

=10~ 3,11 = 102, while i =

107*, 5 = 10 are adopted in the right-handed plot. We fix 5;1 = &;; = 10 for both cases.
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For m;~ (104 -1073) eV, n can be as large as
0(10'-10%) [77].

We contour plot the correct baryon number asymmetry,
%t = (0.87 £ 0.04) x 10719, in Fig. 6 in the plane of the
lightest right-handed neutrino mass, m,, , and the values of

f(my,, mzkem)“,mlzm(mzl). The allowed value of function

f(my, mﬁe%)“ , mlzm%)ﬂ) strongly depends on the effi-
ciency factor '17, m;, as well as on the ratio m N, /My,
Both plots given in Fig. 6 show that the allowed value of the
function f(my . m2R6m>31 , mlzmm)}]) decreases sharply as the
efficiency factor 5 decreases and a ratio my, /m,, increases.
In the region 1 TeV < m, , < 100 TeV, the allowed value

of function f(my,, mz,., \ mi, ) varies from a few

at’ 31
units up to a few dozen units if # = 10,m = 10™*. This
result changes hundreds of times if m = 1073, = 10

Noting that ZZN‘ < 11—0, we conclude that the sterile neutrino
YIR

with mass in the range ~O(1) TeV — O(10) TeV can
explain the baryon asymmetry via its decay.

IX. CONCLUSIONS

We have built a renormalizable trinification gauge theory

with an additional flavor symmetry U(1)y X Zgl) X Zgz) at
a 100 TeV energy scale, i.e., at a much lower scale than the
conventional grand unified field theories imply. The low-
energy spectra of this theory are shown to be consistent
with the SM charged fermion mass hierarchy and the tiny
values for the light active neutrino masses. Besides, the
model predicts a light Majoron dark matter candidate in the
mass range below a MeV scale and provides essential
means for efficient leptogenesis.

As the main appealing feature of the considered model,
the top quark, as well as the exotic heavy fermions, obtain
tree-level masses, whereas the SM charged fermions lighter
than the top quark get one-loop level masses. The light
active neutrino masses are generated from a combination of
radiative and type-I seesaw mechanisms, with the Dirac
neutrino mass matrix generated at one-loop level. The
model yields one naturally light SM-like Higgs boson
strongly decoupled from the other heavy scalars as well as

the absence of tree-level FCNC processes mediated by the
light Higgs state rendering the model safe against existing
flavor physics bounds.

The suggested flavored trinification model can be poten-
tially probed at the Future Circular proton-proton Collider
through a discovery of O(10) TeV scale vectorlike fermions,
scalars and gauge bosons of trinification, while some of the
next-to-lightest states in a TeV range can also be probed by
future high-luminosity/high-energy LHC upgrades.
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